Artemisinin production from plant tissue cultures and induction of hairy roots in vitro have been considered to be a promising alternative, which offer a high degree of genetic stability, grow rapidly and produce the higher spectrum of secondary metabolites than wild type plants. Hairy 
INTRODUCTION
Half of the world's population is at risk of malaria, and an estimated 243 million cases led to 863,000 deaths in 2008 (WHO, 2009 . Artemisia annua L. (Asteraceae), an important medicinal plant, contains an antimalarial compound called artemisinin, which is effective against both chloroquine-resistant and sensitive strains of Plasmodium falciparum (Davis et al., 2005) . The low concentration (0.01 to 1% dry weight) of artemisinin in A annua L. is a serious problem in the commercialization of. drug (Liu et al., 2006) . At present, commercial artemisinin is extracted from wild type plants, which are subjected to seasonal and environmental limitation (Wang et al., 2004) . According to WHO (2005) , A. annua L. plants are currently the only source of the drug and even modest annual targets of 20 to 22 tons year -1 of artemisinin are not being achieved. The commercial sources of most artemisinin are from field grown leaves and flowering tops of A. annua, which are subjected to seasonal and somatic variation and infestation of bacteria, fungi, and insects that can affect the functional medicinal content of this plant (Wallart et al., 2000) . The physiological and cell culture studies were carried out to improve the yield of artemisinin, but were mostly unsatisfactory (Bhattacharya et al., 2008) . The chemical synthesis of artemisinin is also possible, but it is complicated and economically unviable due to the poor yield (Abdin et al., 2003) .
Recent reports have highlighted the use of biotechnological approaches such as metabolic engineering and genetic modification of microbes and plants as a feasible alternative for the semi-synthesis of artemisinin and its precursors (Weathers et al., 2005) ; Saccharomyces cerevisiae had been engineered to produce artemisinic acid (a precursor of artemisinin) at a significantly higher level than in A. annua (Ro et al., 2006) . The complete synthesis of artemisinin outside the source plant is however, not achieved as yet and has to rely either on biotransformation using plant extract (Bharel et al., 1998; Chang et al., 2000) or semi-synthesis to obtain end product. Studies have been conducted in different laboratories to elucidate the biochemical pathway of artemisinin and its regulation with an aim to improve artemisinin content of A. annua L. (Alam et al., 2010; Alam and Abdin, 2011; MaujiRam et al., 2010; Nafis et al., 2011) .
The accumulation of artemisinin by plant tissue cultures in vitro occurs in calli, cell suspension, shoot and hairy root cultures (Weathers et al., 1994; Cai et al., 1995) . Hairy root cultures of A. annua L. with rapid growth and high productivity of artemisinin, therefore, represent a potential source of commercial artemisinin (Weathers et al., 1994; Cai et al., 1995) . Variation among hairy root lines developed from the same plant, but different plant parts due to differences in their biosynthetic capabilities is well reported for production of secondary metabolites (Kim et al., 2002) . Selection of high yielding root line is one of the most important steps to develop a commercial process for production of secondary metabolites by hairy root cultures (Baldi et al., 2007) . Therefore, enhancement of artemisinin production, through tissue culture of A. annua L., is the aim of many research groups.
In this paper, development and selection of high artemisinin producing hairy root cultures of A. annua is reported. A detailed comparison of transformation frequency of various strains of Agrobacterium rhizogenes with A. annua L. is given. The influence of different environmental parameters like temperature, pH, cultivation medium, media components and carbon sources are also studied on growth and artemisinin accumulation in these cultures.
MATERIALS AND METHODS

Plant material and culture conditions
The seeds of Artemisia annua L. were obtained from IPCA Laboratories Pvt. Ltd. Ratlam, M.P., India. Seeds were washed in 1% Savlon (Johnson and Johnson, USA), surface-sterilized using 70% ethanol treatment for 1 min, and rinsed thrice with sterile double distilled water. This was followed by treatment with 0.01% w/v mercuric chloride for 2 min and washed with sterile double distilled water for 4 to 5 times. For germination, sterilized seeds were then placed on Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) containing 3% sucrose and 1% agar at 25 ± 2°C in 16 h day -1 photoperiod provided by a light intensity of 16.2 µmol m -2 s -1 .
Initiation of cultures
The explants were taken from in vitro germinated plants. Different 
Co-cultivation and transformation
The explants were infected and co-cultivated with A. rhizogenes strain for induction of hairy roots. Bacterial colonies were cultured for 2 days on solid Yeast mannitol broth (YMB) at 25 ± 2°C. Two loopful bacteria were then allowed to grow in YMB for 24 h at 25 ± 2°C. Inoculum (2% v/v) of this culture was re-inoculated in YMB and grown till an O.D600 of 1.0 was achieved. The suspension was centrifuged at 7,000 g for 10 min. The supernatant was discarded and the pellet was re-suspended in 5 ml of the fresh YMB. This concentrated culture was used for infection of plant materials. The explants were kept in disposable sterile Petri plates, pricked manually with 24 gauge metal needle (~5 wounds cm -2 ), dipped in A. rhizogenes culture and incubated for 5 min.
YMB without bacteria applied to the explants served as control. The infected explants were pre-incubated for co-cultivation at 25 ± 2°C for 48 h on MS basal medium and were incubated at 25 ± 2°C in 16 h day -1 photoperiod regime. Hairy root cultures were then transferred to fresh MS medium containing 500 mg L -1 cephotaxime and 500 mg L -1 ampicillin (HiMedia, Mumbai, India) to check the overgrowth of bacteria. Axenic cultures were obtained by subsequent subculture to fresh MS medium containing the antibiotic agent for 6th day-interval. The hairy root cultures were observed for Agrobacterium contamination on YMB after each subculturing.
Factors affecting growth parameters and artemisinin content of transformed A. annua L. hairy root lines
Effect of different cultivation medium
Five commonly used standard plant cell cultivation media viz. MS, B5, White, Nitsch and Street (Gamborg et al., 1968; Bhojwani and Rajdan, 1996) were tested for their effect on growth and artemisinin production in hairy root cultures of A. annua L. The hairy root culture from selected root line was initiated by transferring fresh hairy roots equivalent to 3.0 g L -1 DW into 250 ml Erlenmeyer flask containing 50 ml of liquid B5 medium. The cultures were incubated on a gyratory shaker at 80 rpm and 25°C under 16 h day -1 photoperiod regime. The flasks, in triplicate, were harvested after 25 days to analyze DW and artemisinin content.
Use of carbon sources
To study the growth and production kinetics of A. annua L. hairy root cultures, 3 g L -1 hairy roots on DW basis were inoculated in 50 ml of Gamborg's B5 medium without phytohormone. The cultures were incubated at 80 rpm and 25°C under 16 h day -1 photoperiod regime. Individual flasks, in triplicate, were harvested at a regular interval of 5 day and analyzed for dry weight (DW), residual sugar, 
Measurement of dry cell weight and residual sugar
To determine DW, the flasks, in triplicate were harvested. Hairy roots were collected, blotted on a filter paper and dried at 40 ± 2°C until constant weight was achieved. Residual carbon source, glucose and sucrose, were estimated in spent medium by dinitrosalicylic acid method Miller (1959) and phenol-sulphuric acid method (Dubois et al., 1956) , respectively.
Effect of temperature and pH
A 2 2 factorial Central Composite Design with four axial points, four quadrant points and five replicates at the centre point was used to carry out a total of 13 treatments for pH and temperature optimization. The experimental design protocol for RSM was developed using Design-Expert software (version 5.0.9) (Stat-Ease Corporation, USA). The Erlenmeyer flasks were harvested after 25 days for biomass (DCW) (g L -1 ) and artemisinin content (mg L -1 ) analysis.
Media optimization studies using statistical designs
Plackett-Burman design was used to study the influence of major nutrients on growth and artemisinin production in suspension culture of hairy roots. Five variables (sucrose, potassium nitrate, potassium dihydrogen phosphate, magnesium sulphate and calcium chloride) were selected. Trial experimental protocols were formulated using the Design-Expert version 5.0.9 software (StatEase Corporation, USA). Each independent variable was tested at two levels; a high (+) and a low (-) level of concentration.
Selection of high yielding hairy root lines
Hairy root cultures of A. annua L. were subjected for determination of growth index and artemisinin content.
Determination of growth index (G.I)
Hairy roots of A. annua L. were dried at 40 ± 2°C until a constant weight was obtained. The final weight of the roots obtained in this way was considered as dry cell weight (DW). Fresh weight: dry weight ratios (FW: DW) were established for hairy root cultures by allowing a definite weight of roots to dry. Initial DW was calculated from FW: DW ratio by transferring a known amount of roots to respective maintenance medium. Growth indices of different root lines were then calculated by the following formula: (Final DWInitial DW) / Initial DW.
PCR amplification of transformed hairy root lines
The genomic DNA was isolated from transformed A. annua L. hairy root line Al 8 and wild type root of A. annua L. by CTAB method (Doyle and Doyle, 1990) . Integration of the TL-DNA (rol gene) region of the pRi plasmid was confirmed by PCR analysis in transformed lines of A. annua L. The specific primers used to amplify rol gene were: forward primer, 5′-CAGAATGG-AATTAGCCGGACTA-3′ and the reverse primer, 5′-CGTATTAATCCCGTAGGTTTGTTT-3′. The PCR conditions for amplification of rol gene consisted of denaturation at 94°C for 1 min, 2 min annealing at 55°C followed by a 3 min extension at 72°C and a final extension at 72°C for 7 min. The amplicons were analyzed by agarose gel electrophoresis. For the positive control, plasmid from A. rhizogenes strain LBA 9402 was used as template during the PCR.
Extraction and quantitative analysis of artemisinin
To analyze the contents of artemisinin, hairy roots were collected and air dried thoroughly. These samples were weighed and stored. 1 g dried sample was powdered and extracted with hexane (10 mL × 3) at 40 C, with the change of hexane after every 24 h. The hexane fractions were pooled and concentrated under reduced pressure. The residue obtained was defatted with acetonitrile. The precipitated fat was filtered out and the filtrate was concentrated under reduced pressure. The residue thus obtained was dissolved in 2 ml methanol (MeOH). Afterward, 20 µL aliquot from the solution was then used for making Q260 to determine artemisinin through HPLC (Zhao and Zeng, 1986) .
RESULTS AND DISCUSSION
Establishment of hairy root cultures
Various factors like type of explants (Dupre et al., 2000) , A. rhizogenes strains (Giri et al., 2001; Tiwari et al., 2007) , phenolic compounds (Kumar et al., 2006) , growth medium (Azlan et al., 2002) , bacterial concentration (John et al., 2009 ), growth hormones (Falasca et al., 2000) and pH (Danesh et al., 2006) showed great influence on root induction. All these factors were optimized for hairy root induction of A. annua L. (Table 1) . A. rhizogenes infectivity was determined in terms of percentage efficiency to induce hairy roots from the explants. The time of exposure of A. rhizogenes and cocultivation period also played an important role in induction of hairy roots. Infection time of 7 min and co-cultivation period of 48 h were found to be optimum for induction of transformed root cultures. Out of all the six strains of A. rhizogenes tested, LBA 301, LBA 920 and MTCC 532 strains were unable to induce hairy roots from any explant tested, while NRRL B 193 strain failed to induce hairy roots from stem explants. The leaves were found to be easier to transform in comparison to stems for NRRL B 193 strain. This may be due to their higher regeneration capacity and better wounding surface as compared to stems. Higher transformation efficiency of leaves was observed with NRRL B193 strain (40%), while stem portions were better transformed with LBA 9402 strain (80%). 100% transformation frequency was observed with LBA 9402 strain in leaves explants. Induction of hairy roots was also faster (5 to 6 days) with LBA 9402 strain irrespective of the explants tested in comparison to NRRL B193 and A4 strains (9 to 11 days). A4 strain exhibited the lowest infectivity of 10 and 25% for stem and leaves explants, respectively. These root lines were tested for artemisinin content (Table 2) . Transformed root cultures developed by infection of leaves of in vitro germinated A. annua L. with LBA 9402 strain was selected as high artemisinin yielding root line (0.66 mg g -1 DW).
Molecular validation of T-DNA in transformed hairy roots lines of A. annua L.
In agropine Ri plasmids, the T-DNA region consists of two parts; TL-DNA and TR-DNA. These parts are separated by a non-transferable DNA sequence of approximately18 Kb (Paolis et al., 1985) . Integration of TL-DNA to plant genome was confirmed by the presence of rol gene by PCR analysis as shown in Figure 1 . Presence of rol gene sequence in the genomic DNA of transformed roots confirmed transformation by its integration in plant genome. No rol gene activity was found in normal roots.
Effect of different culture media
Growth of plant cells and production of secondary metabolites in cell cultures depend on concentration and interaction of nutrients present in cultivation medium (Mairet et al., 2009) . Hairy roots of A. annua L. were cultivated in well-known plant cell cultivation media and their effect on growth and artemisinin production is given in Figure 2 . Among the hairy root lines screened, Al8 root line was the fastest growing and Al43 root line was the slowest growing irrespective to the media tested. All root lines when cultivated in B5 medium attained relatively higher biomass in comparison to other media tested. The highest biomass of 11 g L -1 on DW basis was obtained when Al8 root line was cultivated in this medium. MS, White, Nitsch and Street media were almost similar to each other with respect to biomass accumulation. In the case of hairy roots, both growth and artemisinin production were lower in MS medium (containing 30 g L -1 sucrose). So, Gamborg's B5medium (containing 30 g L -1 sucrose) was selected for cultivation of A. annua L. hairy roots as maximum artemisinin production of 6.6 mg L -1 was found in this medium.
Effect of carbon sources and establishment of growth kinetics
Growth and artemisinin production kinetics along with substrate consumption, pH and conductivity profiles were investigated for hairy root cultures of A. annua L. in shake flasks over a period of 35 days (Figure 3) . Sucrose was selected as the carbon source in comparison to glucose because of higher biomass and artemisinin concentration achieved for the hairy root culture. Similar results were reported when hairy roots of Plumbago zeylanica were grown for plumbagin production (Verma et al., 2002; Sivanesan and Jeong, 2009 ). Higher biomass of 11.0 g L -1 and artemisinin accumulation of 6.6 mg L -1 were obtained in 25 days of cultivation with sucrose as carbon source in B5 medium (Figure 4 ). Predominantly growth associated product formation behavior was observed in this study. When hairy roots were cultivated in glucose, a faster uptake and thus lesser cultivation period of 20 days was observed due to limitation of glucose in the medium but both growth and artemisinin production were lowered in this case (Figure 4 ). Similar trends for conductivity and pH were observed for hairy root cultures of A. annua L. cultivation in shake flasks.
The substrate consumption, conductivity and pH profiles during batch cultivation of hairy root cultures are given in Figure 3 . Initial decrease in conductivity corresponded with uptake of nutrients from the medium and increase after the 30th day for hairy roots indicated death phase and thus release of intracellular compounds in the medium. A linear relationship between biomass and conductivity of the medium was observed in batch kinetics of hairy roots, which can lead to indirect method of biomass estimation during biomass cultivation. A slow but almost continuous increase in pH was observed throughout the cultivation period due to change in medium composition. These results are in agreement with earlier report on L. album suspension cultures Seidel (2002) .
Effect of temperature and pH
Each of the experimental recipes of the CCD design was carried out and responses were fed in the design with respect to biomass and artemisinin content. Data analysis was done by the software and mathematical models were proposed with respect to pH and temperature for growth and artemisinin production. Under optimized conditions of pH (5.7) and temperature (26°C), the model predicted a biomass of 11.05 g L -1 and artemisinin content of 6.8 mg L 
Optimization of media components
To select the significant factors for growth and artemisinin production, data analysis was done by the software, and regression coefficients (or t-values) for each of the selected parameters were calculated by performing ANOVA test. On the basis of values of t-coefficients, it was concluded that sucrose, potassium nitrate, potassium dihydrogen phosphate and magnesium sulphate had a positive effect on growth, while sucrose, potassium nitrate and potassium dihydrogen phosphate had positive effect on artemisinin production. The remaining parameter (calcium chloride) was not significant for either of the two responses in the given concentration range. Hence, those factors which were not significant were taken at an average concentration level in the optimized medium, while concentrations of the significant factors obtained were optimized using Response Surface Methodology. The responses in the form of biomass and artemisinin content for each of the experimental recipe were fed in the design. A polynomial mathamatical model incorporating the different interactions of low and high concentrations of nutrients in the design was proposed for growth (DCW) and artemisinin production. Optimum values of the medium nutrients (sucrose, 40g L 
Conclusions
This study emphasises on the development and selection of high yielding hairy root lines of A. annua L. with special attention to artemisinin production. Genetic confirmation of transformed culture indicate that hairy root cultures have partial integration of Ri-T DNA. Different media compositions and carbon sources have shown great influence on growth and production kinetics. The highest dry cell weight and artemisinin accumulation was observed with sucrose as a carbon source in Gamborg's B5 medium. Maximum volumetric productivity of artemisinin was obtained as 390 μg L -1 d -1 in hairy root cultures. In order to develop a process for commercial production of artemisinin by hairy root cultures, application of yield enhancement strategies like addition of elictors, precursors and permeability agents are in progress.
